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Introduction 
In recent years, there has been a growing emphasis in manufacturing 
research on the fabrication of mesoscopic machines.  Mesoscopic machines, 
or mesomachines, are devices in a size range between macromachines such 
as automobile engines and laboratory vacuum pumps, and the intricate 
microelectronic and microelectromechanical systems (MEMS) that reside on 
a silicon chip.  The overall size of mesomachines are large by 
microtechnology standards.  Mesomachines rely on embedded micro-scale 
features to enhance system performance.  An example of a simple 
mesomachine would be a compact heat exchanger with embedded, high-
aspect-ratio microchannels.  The high-aspect-ratio channels increase the 
surface-area-to-volume ratio within the device allowing more working fluid 
contact with the channel walls than in a traditional heat exchanger.  In 
essence, the overall size and the weight of the device can be reduced while 
at the same time increasing performance when compared to a more 
traditional heat exchanger. 
Mesomachines are expected to provide a number of important functions 
where a premium is placed on mobility, compactness, or point application. 
Examples include miniature refrigerators for point cooling of high-speed 2 
electronics 
1
, "combustive" batteries which could extend operating life by a 
factor of ten
2
, and miniaturized waste treatment reactors for on-site 
neutralization of toxic chemicals.3 For thermal and chemical applications such 
as these, a small characteristic size provides the benefits of high rates of heat 
and mass transfer, large surface-to-volume ratios, and the opportunity of 
operating at elevated pressures.  Future devices could include miniaturized 
bioreactors for the detection of toxic compounds, small biochemical reactors 
for enhancing the production of therapeutic drugs from cell cultures, miniature 
manportable coolers that are 1/3 the weight operating at 1/4 of the power of 
conventional systems, and broad-terrain, amphibious mesoscopic vehicles for 
remote intelligence gathering.  Here, small dimensions may imply rapid 
response and compact design. 
One emerging class of mesomachines is Microtechnology-based Energy 
and Chemical Systems (MECS).  MECS are microfluidic devices, which rely 
on embedded microstructures to improve heat and mass transfer.  What 
makes MECS devices different from alternate macromachines and 
micromachines is the combination of size regime and material requirements. 
The microfluidic processes of MECS require length scales that are much 
smaller than traditional manufacturing practice, however, much larger than 
conventional integrated circuits (IC) or MEMS fabrication.  The reason stems 
from the reality of physical phenomena.  For example, diffusional phenomena 
such as heat and mass transfer are greatly increased at small scales. 3 
However, pressure drop phenomena inside of microfluidic channels increases 
exponentially with decreasing dimensions.  As a result, an in-between (or 
meso) scale exists at which these competing phenomena are optimized. 
Further, IC and MEMS manufacturing relies on silicon-based processing 
where submicron feature size is routinely used in production.  In addition to 
the fact that mesomachines do not require the high resolution needed for IC 
fabrication, silicon is not the favored base material for many meso-scale 
applications
4
.  It has a much higher thermal conductivity than is desired for 
most energy-based applications and the material, although strong, is brittle, 
expensive, and cannot always be tailored to specific environmental 
conditions.  MECS devices typically require more traditional engineering 
metals and polymers as opposed to semiconductors.  While other non-silicon 
fabrication techniques have been specifically developed for MEMS5, the 
feature resolution of these MEMS fabrication techniques have greater 
resolution than needed and consequently are expensive to implement at the 
meso-scale.  Because MECS devices are fundamentally different than other 
conventional systems, new fabrication processes are being developed to 
make these systems more affordable6• 
Several research institutions and industrial companies have been 
developing microlamination for production of microfluidic, meso-scale 
devices?,8,9,1o,11,12,13 Microlamination involves three steps: 1.) lamina 
patterning, 2.) laminae registration, and 3.) laminae bonding to produce a 4 
monolithic device.  Microlamination has the capacity to fabricate metal 
devices with high aspect ratio microchannels in large production volumes.13 
Microlamination techniques have been used to fabricate MECS devices for 
advanced climate control,7 solvent separation,12 dechlorination,14 
microcombustion,15 fuel processing,16 high-temperature catalysis,10 fluid 
compression,11 and microdialysis8 among others.  In all, microchannel arrays 
have been constructed in a wide variety of materials including copper, 
stainless steel, intermetallics and polyimide with features as small as tens of 
micrometers. 
Many bonding techniques have been used for microlaminating meso-
scale devices.  Electron beam welding was used by Bier, et a1. 17, to join the 
laminae of a microchannel heat exchanger (MCHX).  The process involved 
one continuous weld along the corners of the MCHX.  However, this is a very 
expensive and time-consuming process.  Diffusion bonding has been widely 
used in microlamination7 ,12,9,16 and is capable of creating very strong bonds 
on the order of the strength of the parent material.  However, this method is 
also costly and time-consuming requiring high applied pressures and 
temperatures.  Such extreme conditions can produce unwanted warpage and 
residual stress in materials leading to geometric variation such as 
misalignment between laminae.18  Additionally, diffusion bonding does not 
work well for joints with poor fitup. Thus, the reliability of the joint is sensitive 
to the surface condition of the laminae.19 5 
A method of bonding that shows promise for microlamination is diffusion 
soldering.  This joining process requires the thin film deposition of one high 
(in this case Silver) and one low-melting-temperature element (Tin) onto the 
laminae to be bonded.  The laminae are put under an applied pressure and 
heated to a temperature above the melting temperature of the low-melting-
temperture element.  The Sn becomes liquid and reacts with the Ag to form 
the intermetallic Ag3Sn.  By having the right combination of Ag and Sn, the 
Sn layer can completely react to form solid phases in less than 1 minute.
19 
The remelt temperature of the bond then becomes that of the intermetallic 
phase (480°C) as opposed to the melting temperature of pure Sn (230°C). 
There are many advantages to this process over diffusion bonding.  First, 
much lower applied pressures are necessary for processing; up to an order of 
magnitude less than diffusion bonding.  The process temperatures are also 
much lower.  In this case, where 316 stainless steel lamina are used, the 
diffusion bonding temperatures are up to 900°C where as the temperatures 
for diffusion soldering are around 400°C.  Another consideration is cycle time. 
Diffusion bonding usually takes on the order of hours to complete while 
diffusion soldering can be completed in minutes. 
Because of its advantages, diffusion soldering is a desirable alternative to 
diffusion bonding for MECS manufacturing.  There are however limitations. 
Excess Sn during the bonding process could have a tendency to wick into the 
microchannels.  This could cause a dramatic increase in pressure drop or 6 
worse yet may clog the microchannels.  Another problem with this process is 
the addition of the metallization layers on the lamina.  For large-scale 
production, wet plating (in this case electroplating), is the most suitable 
process for the addition of the Ag and Sn layers.  This process is susceptible 
to porosity and blistering along with impurities in the plating baths. 19 
A number of meso-scale devices were constructed to study the effects of 
a diffusion soldering process on the device performance, namely the strength 
of the bonds and the pressure loss (drop) across microfluidic channels.  For 
comparison purposes, samples were also made using a diffusion bonding 
process. 7 
Theory 
The microlamination process can be used to manufacture very 
complicated devices with embedded microchannel structures.  The key to 
realizing the quality and performance benefits of each microchannel device 
is to minimize the deformation, or shape variation, within the microchannels. 
In the case of diffusion soldering, shape variation within the device could be 
caused by excess solder clogging the microchannel proving detrimental to 
the device performance.  To evaluate the affect of shape variation, such as 
clogging, on device performance, pressure drop tests can be performed on 
the devices.  This pressure drop data can then be compared to a calculated 
theoretical flow curve.  The comparison of pressure drop curves can be an 
indication of how much shape variation has occurred during the bonding 
In general, the total theoretical pressure drop across a single channel or 
an array of channels consists of the pressure drop through the channel and 
the minor losses at the inlet and exit of the channel.  For laminarflow 
conditions, the equation representing the total pressure drop is: 
(1 ) 
where L is the length of the channel (m), and p is the fluid density (kg/m3). 
The hydraulic diameter (m), Dh, is determined from D  _  4wh 
h- 2(w+h») 
(2) 
whereas the average flow velocity through a channel (m/s)  is determined 
from 
v=~ 
whn 
(3) 
8 
In Equation 3, Q represents the volumetric flow rate (m
3/s),  n represents the 
number of channels, and wand h represent the channel width and height, 
respectively.  Due to the large plenum area relative to channel flow area, as 
noted in Figure 1, the velocity through each channel is assumed identical. 
Estimates of the total pressure drop through a single channel represent the 
total pressure drop between the inlet and exit plenum chambers. 
The friction factor in Equation 1, denoted as Ct,app, encompasses the 
losses in the developing flow region as well as the fully developed region. 
The correlation for estimating Ct,app is:2o 
Cf  =_1_[3.44 + Cfp Re+ Koo 1(4t;) - 3.441 ~] 
,app  ReD  ~  1 +c/t;2 
(4) 
where t; is defined as: 
(5) 
Reo is the Reynolds number based on the hydraulic diameter, Dh, and is 
defined by: ReD  = pVDh 
J.l 
In Equation 8, J.l represents the dynamic viscosity of the fluid (N-s/m
2
). 
9 
(6) 
Values for the constants CfpRe,  K,., and ~ employed in Equation 4 are 
determined by linear interpolation of tabular values reported by White2o.  The 
remaining unknowns in Equation 1 include the minor loss coefficients for the 
inlet and exit, denoted as Ki and Ke,  respectively.  Estimates are obtained 
from the following correlations: 
(7) 
and 
(8) 
For rapid contractions and expansions, respectively, where d represents 
inlet plenum diameter. 20 
In general, for laminated structures neither the channels nor the reservoirs 
to which the fluid discharges, or from which the fluid originates, have round 
cross-sections.  In such cases, the ratio of the areas, AR, can be employed in 
place of the diameter ratios.  As defined, the area ratio, AR, is the cross-
sectional flow area, A1, over the total projected area of the shared wall of the 
plenum chamber, A2 shown in figure 1 below. 10 
T 
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where n =  # of channels 
Figure 1 Detail of Area Ratio Dimensions Experimental Overview 
To investigate the process parameters that affect both bond strength 
and pressure drop across a microchannel, a 2
5
-
1 half-fraction factorial 
experiment was designed.  Five independent variables were chosen: 
bonding pressure, bonding temperature, bonding time, silver (Ag) plating 
thickness, and tin (Sn) plating thickness.  Pressure, temperature and time 
were all chosen because of such a wide range of values available in the 
11 
relevant literature.  Ag thickness was chosen because it was expected that 
it would have some effect on bond strength and the amount of Sn diffused. 
Sn thickness was chosen because it was expected that it would have a very 
strong effect on pressure drop across the microchannels (i.e. clogging). 
The high and low values for each of the independent variables are 
summarized in table 1 below. 
Table 1 Factor Levels for Diffusion Soldering Factorial Experiment 
Factor  Low Value  High Value  Units 
Pressure  180  730  Lb/in
2 
Temperature  350  420  °C 
Thickness- Plated  200  370  ~in  Ag 
Thickness- Plated  60  140  ~in  Sn 
Bond Time  10  20  min 12 
In addition to the diffusion soldered samples, some diffusion bonded 
samples were also made for comparison purposes.  The processing 
conditions were varied as follows:  time 2 and 10 hours, temperature 600 
and 9000C, nominal applied force 160 Nand 160 kN.  Prior to bonding, the 
surface of the laminae were cleaned by either simply degreasing or polishing 
and etching.  Table 2 summarizes the conditions of the diffusion bonding 
experiments. 
Table 2 Factor Levels for Diffusion Bonded Comparison Samples 
Factor  Low Value  High Value  Units 
Pressure  0.160  160  kN 
Temperature  600  900  °C 
Bond Time  2  10  Hr 
Surface Preparation  Oegreased  Polish and Etch  n/a 
The test samples were designed to incorporate both a shear test 
specimen and a pressure drop specimen.  By combining the two samples 
into one coupon, some unwanted variability was eliminated in the setup and, 
therefore, the parameters were evaluated with fewer factor biases. 
Each test coupon was constructed from a sheet of annealed 316 
Stainless Steel.  The thickness of the sheet was 0.635 mm (0.025 in.). 
The geometry of the sample specimens is shown in Figure 1  a and 1  b.  The 13 
samples were designed to ease the separation of the shear test specimen 
from the pressure drop specimen. 
"I-- .50a  r  .... 
"1- .... ~l  t 
Z  OOD 
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Figure 2 a) Center laminae.  b) End laminae  (All dimensions are in inches) 
The laminae were sent to an outside electroplating vendor for the 
metallization of the Ag and Sn layers.  At the urging of the vendor, both a 
strike layer of Ni (nickel) and Cu were necessary for plating Ag onto the 316 
SS.  The end laminae (figure 2b) was plated with Ag only.  The center 
laminae (figure 2a was plated with first a layer of Ag then a layer of Sn.  The 
laminae plated with both Ag and Sn was stacked between two laminae 
plated with only Ag.  This ensured an even Ag-Sn-Ag joint.  After 
metallization and before bonding, each sample was cleaned with the following procedure:  agitation in Tarn-X, rinse with de-ionized water, 
agitation in acetone and finally a rinse in ethanol. 
14 
A Thermal Technologies model # HP30-4560 vacuum hot press was 
used to perform bonding.  A total of three identical samples were placed in 
a graphite fixture and bonded during each cycle (1  initial and 2 replicates) to 
test for repeatability.  The three samples were separated by graphite 
spacers measuring 12.7mm thick.  The hot press was programmed to ramp 
up at 20° C / min until it reached the given condition.  Then the temperature 
was held constant for either 10 or 20 min, depending on the sample 
conditions.  During the cycle, a moderate vacuum (10-4 torr) was attained 
inside the pressure vessel to ensure no oxide layers were allowed to form 
during bonding.  After the cycle finished, the pressure vessel was allowed to 
cool to below 80° C before opening and removal of the samples.  The hot 
press ram was held at the experimental pressure during the whole cycle. 
After processing, the pressure drop samples were tested on a pressure 
drop test loop developed at OSU (see figure 3).  The data was recorded then 
analyzed with a statistical analysis software package.  The samples were 
then cut by wire EDM into "dog-bone" shaped tensile-shear bars and tensile-
shear tested on an Instron Series IX automated materials testing system. 
This data was also analyzed with the same software package. r--.~#4~~~~~y~~~  __  ~ 
SWay  SWay 
Valve  Valve 
Figure 3 OSU pressure drop test loop 
BV =  Ball Valve 
NV =  Needle Valve 
Flowmeter #1  o  =  Flowmeter #2 
Flowmeter #3 
Metallographic analysis was done on an Amray, model number 100A, 
scanning electron microscope.  The regions of interest in this study were 
15 
approximately 10-15 IJm wide so magnifications used for this study ranged 
from 67X to 5000X.  Each sample was then analyzed by a Kevex, energy 
dispersive X-ray spectroscopy unit while loaded in the SEM.  This analysis 
was performed to find the compositions of the materials within the bond 
regions or on the fracture surfaces. 16 
Results and Discussion 
The results from the bond strength and pressure drop data are 
summarized in table 3 and figure 4 below.  Figure 4 compares a graph of 
the actual pressure drop data versus the theoretical (calculated) value of 
pressure drop for the flow rate used.  The error bars on the graph are a 
combination of the uncertainty in the Ag and Sn plating thickness, base 
material thickness, and the error associated with the metrologies used for 
measuring flow rates and pressure drops.  All of these factors contribute to 
a 23% uncertainty in the measured pressure drop values at a confidence 
level of greater than 95%. 
Table 3 Diffusion Soldered Average Shear Strength Data 
Bonding  Bonding  Ag 
Th' ~n  Bond Time 
Molar  Average 
Shear  Treatment  Pressure  Temperature  Thickness  IC  ness  ( . )  Ratio  Strength  (Psi)  (0C)  (lJin)  (lJin)  min  Ag:Sn 
(MPa) 
1  180  420  200  140  20  2.17:1  5.406 
2  180  350  370  140  20  4.02:1  10.450 
3  730  350  370  60  20  9.52:1  10.720 
4  730  350  200  60  10  5.14:1  '7.379 
5  730  350  370  140  10  4.02:1  11.023 
6  180  350  370  60  10  9.52:1  7.074 
7  730  420  200  140  10  2.17:1  7.247 
8  180  420  370  140  10  4.02:1  0.000 
9  730  420  200  60  20  5.14:1  6.015 
10  180  420  200  60  10  5.14:1  7.374 
11  180  420  370  60  20  9.52:1  11.432 
12  180  350  200  60  20  5.14:1  6.820 
13  180  350  200  140  10  2.17:1  6.382 
14  730  420  370  60  10  9.52:1  12.703 
15  730  420  370  140  20  4.02:1  11.342 
16  730  350  200  140  20  2.17:1  9.629 17 
.~ 
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Figure 4 Average Pressure Drop by Treatment at Highest Flow Rate Tested 
The maximum shear strength was found to be 12.9 MPa.  This value is 
56.2% of the reported shear strength for Ag3Sn diffusion soldered joints in 
the literature.  An ANOVA analysis was performed on the bond strength 
data.  It was found that eight of the sixteen treatments were not significantly 
different from each other at a 98% confidence level.  The average shear 
strength value for these treatments is 10.5 MPa, which is 45.6% of the 
reported shear strength for Ag3Sn soldered joints in the literature. 
The relatively low bond strengths prompted further investigation by means 
of metallography and fractography analysis.  In particular, a large amount of 
variation is unaccounted for in the shear strength model.  Metallographic and 
fractographic analyses of the bond regions were performed.  Figure 5 shows 18 
a cross-section and figure 6 shows the fracture surface of the sample with the 
highest strength bond.  Table 4 shows an elemental analysis of the various 
regions within the fracture surface. 
Figure 5 Cross-section Highest Shear Strength Sample 19 
Region 1 
Region 2 
Region 3 
Figure 6 Fracture Surface of Highest Shear Strength Sample 
Table 4 EDX Results on Fracture Surface 
Region 1  Region 2  Region 3 
Element  Weight % Atomic % Weight % Atomic % Weight % Atomic % 
(Symbol) 
Chromium (Cr)  0.11  0.22  0.21  0.40  0.00  0.00 
Iron (Fe)  0.24  0.45  0.23  0.43  0.34  0.64 
Nickel (Ni)  0.26  0.46  0.22  0.38  0.13  0.23 
Copper (Cu)  3.53  5.72  3.87  6.24  1.93  3.15 
Silver (Ag)  82.07  78.33  88.46  84.11  91.75  88.13 
Tin (Sn)  12.03  10.43  5.37  4.64  4.03  3.52 
As shown, several of the regions along the fracture surface indicate the 
presence of Cu.  In fact, all samples showed distinct traces of Cu within the 20 
bond region.  This indicates that there was Cu contamination introduced 
during electroplating.  Energy dispersive x-ray (EDX) analysis results of 
unprocessed shims show traces of Cu on the outsides of the plated shims.  In 
the case of the shim plated with both Ag and Sn, approximately 18 wt% Cu 
was found in the Sn layer while the shim plated with only Ag had about 1.5 
wt% Cu found in the Ag layer further supporting the notion that the plating 
bath was contaminated with Cu. It is known that Cu and Sn form lower 
strength, brittle intermetallics.
19 Therefore, it was concluded that this was the 
major source of reduced strength in the joints.  While some contamination 
was found in the bonds, the highest bond strength condition was found to be 
within 56% of the accepted shear strength of Ag3Sn jOints. Table 5 Statistical Analysis Summary 
Factor 
Pressure 
Temperature 
Thickness-
Plated 
Thickness-
Plated Sn 
Bond Time 
Pressure* 
Bondi  time 
Temp*Sn 
Plating 
Thickness 
Bonding 
Time*Ag 
Plating 
Thickness 
Factor 
significancE 
(shear 
strength 
model) 
High 
Low 
High 
Low 
Low 
High 
High 
High 
Factor 
significancE 
(pressure 
drop model: 
High 
Low 
High 
High 
High 
Low 
Low 
Low 
Factor relationshir 
(influence on shea 
strength response 
Direct 
Not included in 
model 
Direct 
Not included in 
model 
Not included in 
model 
Indirect 
Indirect 
Indirect 
21 
Factor relationshiJ 
(influence on 
pressure drop 
response) 
Direct 
Not included in 
model 
Direct 
Direct 
Indirect 
Not included in 
model 
Not included in 
model 
Not included in 
model 
Table 5 summarizes the statistical analysis for each of the factors 
contributing the measured responses.  The table describes each factor and 
its relative impact on the responses as well as the relationship between 
each factor and the responses.  For example, bonding pressure shows a 
high significance (p-value < 0.05) in the statistical model developed and 
shows a direct relationship to the affect on the response.  Meaning, as the 22 
bonding pressure is increased, shear strength also increases.  An indirect 
relationship would imply that the response decreases with an increase in 
the factor level. 
The results were analyzed by using both forward selection and 
backward elimination methods of regression analysis.
21  Backward 
elimination proved to be a more conservative model than forward selection 
and thus was used to find R2 values.  The p-values for bonding pressure 
and Ag plating thickness were 0.004 and 0.011, respectively.  This 
indicates a strong statistical significance for both Ag plating thickness and 
bonding pressure in relation to bond strength.  The second order 
interactions of bonding pressure*bonding time, Ag thickness*bonding time 
and temperature*Sn thickness were statistically significant as well.  P-
values for the second order interactions were 0.0491,0.0087 and 0.0534, 
respectively.  All other factors were found statistically insignificant (p».05) 
for bond strength. The R2 value for this model is 61.9% indicating that 
roughly 40% of the variability in bond strength is unaccounted for within this 
model.  This indicates that factors such as Cu contamination were not 
controlled in this experiment. 
The regression analysis for bond strength showed that bonding pressure 
was one of the most statistically significant factors.  The average bond 
strengths of the samples were higher under the high bond pressure condition 
than under the low bond pressure condition. 23 
Figure 7 Sample Bonded Under Low Pressure Condition.  Arrows Indicate 
Voids. 
Figure 8 Sample Bonded Under High Pressure Condition.  No Visible Voids. 24 
The main cause of lower bond strength in low bond pressure samples 
was attributed to the presence of voids in the weld zone.  Figures 7 and 8 
contrasts two samples bonded at low and high pressure conditions, 
respectively.  Clearly, the optical photomicrograph of the sample bonded 
under the low bond pressure condition shows voids whereas the sample 
bonded under the high bond pressure condition does not.  It is expected 
that the voids were embellished by the presence of scratches on the 
surface of the shims, which can be attributed to the deburring process used 
after laser ablation.  At the higher bonding pressure, the laminae were in 
more intimate contact helping to overcome any asperities in the surface of 
the laminae.  In the case of the bond strength results, the voids led to 
reduced shear strength. 
Ag thickness was another of the statistically significant factors for bond 
strength.  The average bond strength was found to be the highest with the 
largest molar ratio of Ag to Sn (9.52:1).  This agrees with Jacobson and 
Humpston (1993) who suggest that increased diffusion of the Sn in the Ag 
matrix is accompanied by an increase in mechanical properties.  Further, 
the second order interactions between Ag*time, pressure*time, and 
temperature*Sn all support this conclusion as well, however a detailed 
explanation of these second order effects were not developed in this 
investigation. 25 
Statistical results for pressure drop were also obtained using backward 
elimination regression methods.  The p-values obtained were 0.0000, 
0.0079, 0.0055 and 0.0093 for bonding pressure, Ag plating thickness, Sn 
plating thickness and bonding time respectively.  This indicates a strong 
statistical significance for all four terms in relation to pressure drop. 
Bonding temperature was not found to be significant which makes sense 
since both temperatures used were well above the melting temperature of 
Sn.  The R2 value for this model is 69.0% indicating that roughly 30% of the 
variability in pressure drop is unaccounted for within this model.  This 
indicates that there may be additional factors contributing to the pressure 
drop data. 
Bonding pressure contributed to pressure loss simply because 
deformation of the microchannels had occurred.  A number of samples 
bonded under the high bonding pressure condition showed that the walls of 
the channel were slightly deformed which would reduce the cross-section of 
the channel, constricting the flow path.  This was confirmed with 
metallographic analysis of cross-sections. 26 
Figure 9 Photomicrograph Showing Channel Deformation 
Sn thickness was another of the statistically significant process 
conditions.  The average pressure drop was higher for the samples plated 
with 140J..lin of Sn than those plated with 60J..lin.  There was an excess of Sn 
plating on the shims that did not react with the Ag during the bonding 
process.  An excess of Sn, in a liquid phase, is pressed out from between 
the shims and into the channel.  This was observed in a number of test 
specimens. 
The excess Sn  in the microchannels is compounded by the Ag plating 
thickness as well.  By decreasing the amount of Ag plating, the Sn has a 
more difficult time diffusing into the Ag matrix.  That is to say that at the 
higher Ag plating thickness, the diffusion gradient was greater and thus the 
Sn diffused more rapidly into the Ag matrix with little to no excess. 
Statistical analysis shows the relationship of Ag and pressure drop to be 27 
directly related.  Meaning, an increase in Ag increases pressure drop.  This 
is not the case however and it is suspected that the uncertainty in the 
plating thickness measurements contributed to variation in the regression 
coefficients (see appendix A for uncertainty calculations). 
Bonding time was another statistically significant factor contributing to 
pressure drop.  The data shows that increasing the bonding time increased 
the diffusion of the Sn into the Ag and left less excess Sn to obstruct the 
flow path.  The indirect relationship between bonding and pressure drop 
developed in the regression model supports this. 
An ANOV  A analysis for the pressure drop data showed that five 
treatments were not significantly different from each other.  The average 
pressure drop from these treatments (at the highest flow rate tested) was 
0.84 psi which is 27% higher than the theoretical pressure drop calculated. 
The minimum pressure drop was found to be 0.76 psi which is 15% greater 
than the theoretical pressure drop for this sample. 
By combining what was learned from each of the statistical analyses, it 
was found that one treatment, or one set of process conditions, could be 
used to produce MECS devices that had comparable bond strengths and 
pressure drops to those produced in the experiment.  The process 
conditions are shown below in table 5. 28 
Table 6 Process Conditions for MECS Devices 
Factor  Process Conditions  Units 
Pressure  730  Lblln 
Temperature  420  °C 
Thickness- Plated  370  J.1in 
Ag 
Thickness- Plated  60  J.1in 
Sn 
Bond Time  10  min 
These process conditions have proven to work well in cases where the 
device is roughly the same size (length, width, thickness) as the 
experimental samples.  For devices orders of magnitude larger in stack 
height than the experimental samples, it is recommended that stress and 
thermal models be developed to ensure that each lamina consistently 
receives the same loads and even heating during the bonding cycle.  This 
would suggest that there might be scaling factors associated with producing 
devices of larger dimensions, which would be a topic for further research. 
Some of the diffusion bonded samples that were constructed for 
comparison purposes broke outside of the bonded region of the sample 
during the tensile testing.  This indicates that theses samples were 
completely bonded and the laminae had formed one solid specimen.  The 
necked region of the dog bone sample had a cross-sectional area of 6.5 mm2 whereas the bonded region measured 19.5 mm
2 (or three times the 
cross-sectional area of the parent material).  In this case, it is concluded 
that the shear strength of the diffusion bonds observed in this experiment 
are at least 1/3 the tensile strength of the 316 stainless steel used.  It 
should be noted that a number of samples processed (33%) under the 
experimental conditions did not demonstrate significant diffusion of the 
parent material and subsequently did not hold together during testing. 
The average pressure drop of the diffusion bonded samples that 
survived testing was 1.8 psi at 2.08 Umin.  Of these samples, many 
29 
showed substantial warpage and thus demonstrated high pressure drops 
across the microfluidic channel when compared to the diffusion soldered 
samples; however the bond strength values were quite high in those same 
samples.  The tradeoffs between laminae deformation and shear strength of 
the diffusion bonded joints are not completely understood.  A narrower 
range of process parameters and optimization of those parameters would 
possibly alleviate some of these problems but is beyond the scope of this 
investigation. 
Based on the application of quasi-optimal parameters developed in the 
diffusion bonded and diffusion soldered samples, several larger scale 
devices were produced.  It was found that neither approach could be used 
to produce a two-fluid device of substantial thickness (2" in stack direction) 
without leakage.  Part of this problem is related to problems in the 30 
microlamination of two-fluid systems.
22  Leakage in final diffusion bonded 
samples were attributed to severe deformation within the stack.  Leakage in 
diffusion soldered samples were initially very small using the optimal 
parameters indicated earlier.  Upon further pressing, leakage increased 
dramatically based on the coefficient of thermal expansion mismatch 
between the solder and the SS substrate.  It is expected this mismatch 
caused thermal cracking of the joints. 31 
Conclusions 
An experiment was performed to characterize the influence of diffusion 
soldering process parameters on device performance.  The measure of this 
performance was bond strength and pressure drop (loss) across the 
microfluidic channel.  It was found that for each of the responses, bonding 
pressure and Ag plating thickness were the two most influential process 
variables.  Bonding pressure had a positive affect on both the shear strength 
and pressure drop responses.  Meaning, as bonding pressure was increased, 
shear strength and pressure drop also increased.  Ag plating thickness also 
had a positive affect on both responses.  Meaning, as Ag plating thickness 
increased, shear strength and pressure drop also increased.  Other process 
variables were statistically significant as well including:  Bonding time and Sn 
plating thickness.  Statistical analysis suggests that the process conditions of 
730psi, 420°C, 1  Om in, 370f.1in Ag plating and 60f.1in Sn plating result in the 
best compromise of bond strength and pressure drop for the devices tested. 
MECS devices on the same order of dimensions as those used in the 
experiment have been constructed and demonstrated some seepage during 
testing due to two-fluid system issues. 
For comparison purposes, diffusion bonded samples were made which 
demonstrated bond joint strengths up to 100% of the ultimate tensile strength 
of the 316 stainless steel material used.  For identical flow rates, the pressure 
drop observed in these samples was higher than those observed with the diffusion soldered samples due to the deformation of the channel walls 
caused by high pressure process conditions. 
32 
Areas for further research should include stress and thermal modeling of 
MECS device designs to ensure individual laminae are subjected to process 
conditions comparable to other laminae in the same device.  Diffusion 
bonding process parameters and device designs could also be optimized to 
eliminate deformation of laminae while at the same time ensuring complete 
diffusion within the bond joints. References 
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Appendix A - Uncertainty Analysis Shim Thickness: 
As stated by manufacturer, 316 SS sheet> 0.5mm +1- 10% of material thickness 
Material  10% of 
thickness (in)  thickness 
0.02 (+1-)0.002 
Material  10% of 
thickness (mm) thickness 
0.51  (+/-)0.051 
Hydraulic Press Ram: 
Maximum error of press ram = +1-2% (study performed on 12-20-99 using load cell to 
record actuallbf vs.  ORO) 
Ibf  error (Ibf) 
low pressure setting =  400  (+1-)8 
high pressure setting =  1600  (+1-)32 
Instron Series IX tensile test machine 
Seven 316 stainless steel dog bone samples pulled prior to experiment. 
Sam  le#  Load 
1  1580.4 
2  1683.9 
3  1668.1 
4  1600.6 
5  1672.6 
6  1659.1 
7  1663.6 
Tabulated strength of 316 stainless steel = 
Sample cross-sectional area = 
Calculated force required to break sample = 
Average  1646.9 
Std. Dev.  39.7 
85000 I  bfli nA2 
0.01875 inA2 
1593.751bf 
1593.75 - 1646.9 1  1593.75 =  3% 
Actual test results lie within 3% of calculated force required to break sample. 
Estimated error associated with reported bond strength data (+1-)= 
Flowmeter 
As stated by manufacturer, full scale uncertainty =  +1- 1  % 
3% 
Only half the scale was used so uncertainty =  +1- 2% of full scale max flow (19.4 mVmin) 
36 Actual flow rate (using manufacturers correlation equation) = 428.4 mUmin +/-2%fs (19.4mUmin) 
Calculated maximum flow rate = 419.9 mUmin 
419.9 - 428.4 /  419.9 =  2% 
Estimated error associated with flow rate data (+/-)=  2% 
Pressure Transducer 
As stated by the manufacturer, the accuracy of the transducer is 0.25% using the Root Sum Squared 
(RSS) of Full Scale (FS) at constant temperature. 
Max pressure differential detectable by pressure transducer =  25psi 
(0.25)*25 = 0.0625psi 
Full scale uncertainty =  25psi +/- 0.0625psi 
Worst case (lowest measured pressure differential) = 0.76psi 
0.76psi +/- 0.0625psi  or  8.2% 
As much as 8.2% error in reported pressure drop readings. 
Plating thickness (Ag and Sn) 
Based on input from electroplating vendor, +/- 20uin is the minimum 
tolerance for wet plating 
370 uin Ag +/-20 uin 
200 uin Ag +/-20 uin 
140uin Sn +/- 20uin 
60uin Sn +/-20uin 
(+/-)5.4% 
(+/-)10% 
(+/-)14.2% 
(+/-)33% 
Clearly thinner plating requirements result in  higher uncertainty of plating thinckness. 
Pressure Drop Calculation 
Ki  Ko  Dh 
0.3700000  O.  0.000961 
37 V  Re  Lch  K  c  Cf,Re  Cf,app 
128.384645 2045.20660  0.0190500  0.802500  0.000050  21 .535000 0.0105295 
Forecast: delta p 
Statistic 
Trials 
Mean 
Median 
Mode 
+ or· Tal  % Tal 
1078.66050  23.662532 
Value 
5,000 
4574.3643 
4554.5775 
Standard Deviation  359.5535 
Variance  129278.72 
Skewness  0.31 
Kurtosis  3.09 
Coeff. of Variability  0.08 
Range Minimum  3451 .1383 
Range Maximum  6174.9631 
Range Width  2723.8248 
Mean Std. Error  5.0848544 
delta p 
Forecast: delta p 
Statistic 
Trials 
Mean 
Median 
Mode 
Standard Deviation 
Variance 
Skewness 
Kurtosis 
Coeff. of Variability 
Range Minimum 
Range Maximum 
Range Width 
Mean Std. Error 
Forecast: delta P 
Value 
5,000 
0.663455 
0.660585 
0.052149 
0.00272 
0.31 
3.09 
0.08 
0.500545 
0.895602 
0.395057 
0.000738 
5,000 Trials  Frequency Chart  6 Outliers 
.028  1~ 
.021  100.5 
.~  ."  ...  n 
.c  .014  71  .c 
~  c 
.c  n 
0  =  ...  JYJ7  355  ~  C. 
.000  -'--~--L"""'" 
39J0.OOCOOOO  4002.5OCOOOO  4{Q5.00c0000  5187.5OCOOOO  5750.00c0000 
(Pa) 
38 Forecast: delta P 
5,000 Trials  Frequency Chart  42 Outliers 
.024  12) 
.018  90 
.? 
.c  .012  60 
~ 
.c 
C) 
~  .006  30  C. 
.000  0 
0.529JOOJ  0.5931500  0.662iOOO  0.7312500  O .80000OJ 
(PSQ 
Assumptions 
Assumption:  height cl Cell:  011 
Normal distribution with parameters: 
Mean  0.000520 
Standard Dev.  0.000017 
Selected range is from -Infinity to +Infinity 
Assumption:  Q  Cell:  F11 
Normal distribution with parameters: 
Mean  0.000424 
Standard Dev.  0.000003 
Selected range is from -Infinity to +Infinity 
End of Assum  tions 
From this analysis it is evident that there is a large amount of uncertainty in the pressure drop 
calculation (23%). 
." 
~ 
n 
.CI  =  n 
:I 
~ 
39 40 
Appendix B - Raw Data Tables 41 
Bond Pressure,  Ag Thickness,  Sn  Bond  Bond (or Shear) 
Sample  MPa  Temo  uin  Thickness  Time  Yield Stress (MPa' 
1  180  420  200  140  20  9.658 
2  180  350  370  140  20  11.386 
3  730  350  370  60  20  10.296 
4  730  350  200  60  10  12.249 
5  730  350  370  140  10  11.462 
6  180  350  370  60  10  0.000 
7  730  420  200  140  10  10.598 
8  180  420  370  140  10  0.000 
9  730  420  200  60  20  7.770 
10  180  420  200  60  10  3.365 
11  180  420  370  60  20  11.664 
12  180  350  200  60  20  3.115 
13  180  350  200  140  10  4.541 
14  730  420  370  60  10  12.927 
15  730  420  370  140  20  10.656 
16  730  350  200  140  20  10.395 
17  180  420  200  140  20  3.245 
18  180  350  370  140  20  11.613 
19  730  350  370  60  20  10.222 
20  730  350  200  60  10  5.096 
21  730  350  370  140  10  10.904 
22  180  350  370  60  10  10.910 
23  730  420  200  140  10  5.214 
24  180  420  370  140  10  0.000 
25  730  420  200  60  20  5.797 
26  180  420  200  60  10  6.325 
27  180  420  370  60  20  11.208 
28  180  350  200  60  20  6.446 
29  180  350  200  140  10  3.548 
30  730  420  370  60  10  12.361 
31  730  420  370  140  20  11.295 
32  730  350  200  140  20  8.665 
33  180  420  200  140  20  3.316 
34  180  350  370  140  20  8.350 
35  730  350  370  60  20  11.641 
36  730  350  200  60  10  4.793 
37  730  350  370  140  10  10.703 
38  180  350  370  60  10  10.311 
39  730  420  200  140  10  5.927 
40  180  420  370  140  10  0.000 
41  730  420  200  60  20  4.478 
42  180  420  200  60  10  12.431 
43  180  420  370  60  20  11.425 
44  180  350  200  60  20  10.898 
45  180  350  200  140  10  11.056 
46  730  420  370  60  10  12.820 
47  730  420  370  140  20  12.076 
48  730  350  200  140  20  9.826 42 
Average Shear Stress (one original,two replicates) 
sample  press  temp  ag  sn  time  shear strength 
1  180  420  200  140  20  5.406 
2  180  350  370  140  20  10.450 
3  730  350  370  60  20  10.720 
4  730  350  200  60  10  7.379 
5  730  350  370  140  10  11.023 
6  180  350  370  60  10  7.074 
7  730  420  200  140  10  7.247 
8  180  420  370  140  10  0.000 
9  730  420  200  60  20  6.015 
10  180  420  200  60  10  7.374 
11  180  420  370  60  20  11.432 
12  180  350  200  60  20  6.820 
13  180  350  200  140  10  6.382 
14  730  420  370  60  10  12.703 
15  730  420  370  140  20  11.342 
16  730  350  200  140  20  9.629 43 
Bond Pressure,  Ag Thickness,  Sn  Bond  I 
Pressure Drop I 
Sample  MPa  Temp  uin  Thickness  Time  (PSI) 
1  180  420  200  140  20  0.79 
2  180  350  370  140  20  0.84 
3  730  350  370  60  20  0.87 
4  730  350  200  60  10  0.86 
5  730  350  370  140  10  0.90 
6  180  350  370  60  10  0.82 
7  730  420  200  140  10  0.96 
8  180  420  370  140  10  0.84 
9  730  420  200  60  20  0.91 
10  180  420  200  60  10  0.81 
11  180  420  370  60  20  0.91 
12  180  350  200  60  20  0.79 
13  180  350  200  140  10  0.89 
14  730  420  370  60  10  0.84 
15  730  420  370  140  20  0.94 
16  730  350  200  140  20  0.96 
17  180  420  200  140  20  0.82 
18  180  350  370  140  20  0.87 
19  730  350  370  60  20  0.88 
20  730  350  200  60  10  0.76 
21  730  350  370  140  10  0.91 
22  180  350  370  60  10  0.82 
23  730  420  200  140  10  0.78 
24  180  420  370  140  10  0.84 
25  730  420  200  60  20  0.87 
26  180  420  200  60  10  0.76 
27  180  420  370  60  20  0.80 
28  180  350  200  60  20  0.86 
29  180  350  200  140  10  0.80 
30  730  420  370  60  10  0.91 
31  730  420  370  140  20  0.95 
32  730  350  200  140  20  0.96 
33  180  420  200  140  20  0.83 
34  180  350  370  140  20  0.86 
35  730  350  370  60  20  0.90 
36  730  350  200  60  10  0.83 
37  730  350  370  140  10  0.93 
38  180  350  370  60  10  0.81 
39  730  420  200  140  10  0.99 
40  180  420  370  140  10  0.89 
41  730  420  200  60  20  0.89 
42  180  420  200  60  10  0.77 
43  180  420  370  60  20  0.85 
44  180  350  200  60  20  0.86 
45  180  350  200  140  10  0.77 
46  730  420  370  60  10  0.90 
47  730  420  370  140  20  0.92 
48  730  350  200  140  20  0.90 44 
Average Pressure Drop (one original,two replicates) 
sample  press  temp  ag  sn  time  P ressure Drop 
1  180  420  200  140  20  0.813 
2  180  350  370  140  20  0.857 
3  730  350  370  60  20  0.883 
4  730  350  200  60  10  0.817 
5  730  350  370  140  10  0.913 
6  180  350  370  60  10  0.817 
7  730  420  200  140  10  0.910 
8  180  420  370  140  10  0.857 
9  730  420  200  60  20  0.890 
10  180  420  200  60  10  0.780 
11  180  420  370  60  20  0.853 
12  180  350  200  60  20  0.837 
13  180  350  200  140  10  0.820 
14  730  420  370  60  10  0.883 
15  730  420  370  140  20  0.937 
16  730  350  200  140  20  0.940 45 
Appendix C - Materials, Procedures and Parameters 46 
Materials, Procedures and Parameters 
1.0  Materials 
1.1. Prototype Device material 
•  End plate - 0.125" 316 Stainless Steel 
•  Gas shim - 0.010" 316 Stainless Steel 
•  Liquid shim - 0.005" 316 Stainless Steel 
•  Fin shim - 0.020" 316 Stainless Steel 
1.2. Plating material 
•  Silver Plating - 300Jlin 
•  Tin Plating - 100Jlin 
1.3. Cleaning materials 
•  Scotch-brite abrasive pad (or equivalent) - for removal of burr on 
shim edges.  300 grit or finer. 
•  Tarn-X cleaner - for removal of oxide layer on surface of plated 
shims 
•  Deionized water - rinse 
•  Acetone - neutralization of excess Tarn-X 
•  Ethanol- dilution of Acetone 
1.4. Materials preparation 
The procedure for materials preparation is as follows: 
•  Inspect shims for burrs around sealing edges.  Remove with light 
pressure and Scotch-brite abrasive pad. 
•  To clean shims first agitate in Tarn-X (to remove oxidation layer), 
rinse with De-ionized water, agitate in Acetone, and finally rinse 
with Ethanol 
•  See section 2.2 for bonding procedure 2.0  Process Parameters 
2.1. Bonding Parameters 
Factor  Process Conditions  Units 
P  ressure  730  Lb/  In 
Temperature  420  °C 
Thickness- Plated  300  )lin 
Ag 
Thickness- Plated  100  )lin 
Sn 
Bond Time  10  min 
2.2. Bonding Procedure 
•  Be sure shims have been cleaned and chemical residue has 
been removed/dried 
•  Stack shims (including end plates) in ordered sequence onto 
fixture using the alignment pins (see assembly drawing) 
47 
•  Place fixture in between press ram and align to fit within pressure 
vessel 
•  Lower pressure vessel and seal.  Start vacuum pumps and set 
pressure ram settings 
•  When pressure vessel has reached a min of 10-
4 torr, begin hot 
press heating cycle 
•  After cycle, wait until pressure vessel has reached 80°C before 
opening. 
•  Remove fixture from press ram 
•  Remove sample from fixture 
•  Repeat steps for next device 
3.0  Tooling 
3.1. Bonding Fixture 
•  Recommend graphite platens with minimum thickness of 0.5" 
•  Alignment pins for shim registration to be made of material with 
higher melting temperature than the process temperature 
conditions 4.0  Cost of Materiais, Preparation and Processing 
4.1. Raw materials/Plating costs 
•  Stainless steel sheet =  $0.05/in2 
•  Plating cost (per shim) =  $15 each (based on limited production 
prototype shims, large scale production shims -$2 each 
depending on supplier) 
4.2. Patterning costs - CO2 Laser 
•  Ranges from $2.00 to $5.00 depending on material thickness, 
design complexity. 
•  Prices quoted from Apex Industries, Spokane, WA 
4.3. Bonding costs 
Assumptions: 
•  Machine rate =  $1 OO/hr 
•  Skilled labor rate =  $50/hr 
•  Bonding cycle time =  1.5 hours 
•  # of samples per cycle = 1 (Thermal Technologies model # 
HP30-4560 vacuum hot press used for processing) 
48 